We have isolated the entire gene for rat thyroglobulin, the precursor for thyroid hormone biosynthesis. The gene is at least 170,000 base pairs (bp) long; 9000 bp of coding information are distributed in 42 exons of homogeneous size (150-200 bp) except for two exons of 1100 and 620 bp. The sequences coding for two major thyroxine-forming sites are localized in exons 2 and 39. These two sequences do not show any homology either at the DNA or at the protein-sequence level, even though they code for sites highly specialized for the same function. Furthermore, both the 3' and the 5' end of the thyroglobulin structural gene appear to be made of repetitive units, which again do not show any homology. On the basis of these observations, we propose that the thyroglobulin gene arose by shuffling of at least two segments, with different evolutionary histories, each of which already contained introns.
MATERIALS AND METHODS
Libraries and Vectors. Two rat genomic libraries have been used in this study: the Hae III/Alu I partial-digest library was kindly provided by J. Bonner (15) ; the EcoRI partial-digest library was constructed in our laboratory as described (12) . Screenings of libraries, purification of X phage DNA, and probe labeling by nick-translation were carried out by published protocols (16) . R loops were obtained and analyzed as described by Davis et al. (17) . Repetitive elements were mapped in the recombinant X phages (12) and DNA was sequenced (18) as described.
The two hormones secreted by the thyroid gland, thyroxine (T4) and 3-3'-5-triiodothyronine (T3), are synthesized by the coupling of a diiodinated tyrosyl residue with either another diiodinated tyrosyl residue or with a monoiodinated tyrosyl residue, respectively. The coupling occurs within the polypeptide chain of thyroglobulin (Tg), a very large thyroidspecific glycoprotein made of two identical subunits (1) . In spite of such a size, only 3-5 mol of hormone are formed per mol of protein (2, 3) . The primary structure of two sites where most of the thyroxine is formed (the hormonogenic sites) has been determined by direct protein sequencing (4, 5) , whereas most of the information on the primary structure of the protein has been deduced from the nucleotide sequence of portions of cDNA for human (6) , bovine (7) , and rat (8) Tg. The analysis of the protein and of the mRNA sequence has shown that the two major hormonogenic tyrosines are located at the extremities of the protein (6) (7) (8) (9) . This paper presents an overall view of an entire Tg gene, the rat gene.
The rat gene encoding Tg is made of at least 170,000 base pairs (bp), about 20 times larger than its corresponding mRNA (8) . The coding information is divided into 42 exons of homogeneous size (150-200 bp) except for two exons of 1100 and 620 bp at the 5' end. Several reports have already appeared on segments of the Tg gene from different species (10) (11) (12) (13) . We have suggested before (8, 14) , on the basis of interspecies sequence comparison, that the 3' and the 5' end of the Tg gene may have two independent evolutionary origins. To analyze this hypothesis further, it is important to compare the two ends of a gene from one species. In this paper we analyze the nucleotide sequence of the exons and the sequences coding for the two hormonogenic sites at the two ends of the rat gene. We find that there is no homology between the two thyroxine-forming sites in rat Tg. Furthermore, the two sites are located in gene segments that have a
RESULTS
cDNA Clones Used in the Isolation of the Rat Tg Gene. We have described (8) a set of cDNA clones derived from the rat Tg mRNA. On the basis of a primer elongation experiment, we suggested that the cDNA clone pRT27.15 extended up to the 5' end of the mRNA.
We subsequently discovered, comparing our partial sequence data with the sequence of the Tg mRNA in humans (6) and cows (7) , that clone pRT27.15 stops at about 1 kilobase (kb) from the 5' end of Tg mRNA. We then isolated other cDNA clones (data not shown), and the one extending the most at the 5' end is clone pRT27.23, which ends at 450 nucleotides from the 5' end of the mRNA (Fig. LA) .
Physical Map of the 5' Region of the Rat Tg Gene. The new collection of cDNA clones was used to complete the isolation of the rat Tg gene. Six recombinant X phages (2, 43, 49, 16, 18, 106) were obtained from the screening of two different rat genomic libraries (see the legend of Fig. 1 ). The relative position and the 5'-3' polarity of the isolated genomic segments was established by hybridization with appropriate restriction fragments derived from the cDNA clones (Fig. 1) . All of the genomic clones shown in Fig. 1 (Fig. 1 ) with digested rat DNA. All of the genomic fragments detected by fragment c are present in phages X16 and X49, suggesting that only an intronic segment bridges the two recombinant clones (data not shown). The two overlapping phages at the 5' end of the gene (X10 and X63) were isolated by using as a probe the fragment G at the 5' end of phage X106 (Fig. 1) . In order to prove that the 5' end of the rat Tg gene is contained in the phages X10 and X63, restriction fragments of these two latter phages were subcloned, and their nucleotide sequence was determined (see below). The genomic clones listed in Fig. 1 account for at least 70 kb of the rat chromosomal DNA, and they contain almost 6 kb of coding information for the 5' end of Tg mRNA. By electron microscopic analysis (data not shown), Southern hybridization with specific cDNA clones, and direct DNA sequencing, we determined that 25 exons in these 70 kb show an average size of 200 bp, as previously also found for the 3' half of the gene (12) . The two contiguous exons 9 and 10 are 1100 and 620 bp long, respectively (Table 1) . Exons of comparable length have been found in the same position in the human Tg gene (11) . We have already demonstrated that the 3' proximal 3000 bp of the rat Tg mRNA are contained in a genomic segment that is at least 100 kb long divided into 17 exons. Thus, the entire rat Tg gene is organized in 42 exons that are spread out over a chromosomal region that is at least 170 kb long.
Structural Features of the 5' End of the Rat Tg Gene. To verify that the true 5' end of the Tg gene is contained in phage X63 (Fig. 1) , we have determined the nucleotide sequence of the restriction fragments hybridizing to rat Tg mRNA. We then compared our sequences with those at the 5' end of human (6) and bovine (7) mRNA. In our restriction fragments we found a sequence that corresponds to the first 200 nucleotides of both human and bovine mRNA (Fig. 2) . By using this sequence homology, we were able to map the location of the first two exons and the translation initiation codon. To prove that the start of transcription for the rat Tg gene is contained within this sequence, we performed the primer extension experiment shown in Fig. 3 . This experiment showed that the major start of transcription is about 38-39 nucleotides upstream from the initiator methionine and 29-30 nucleotides downstream from a canonical "TATA" box. Interestingly, a minor start was detected that is 27 nucleotides downstream from a degenerated TATA box (T-G-A-T-A). The sequence of the 5' end of the gene also shows a structural motif G-G-G-A-C-, which is present three times between the TATA box and the first AUG.
A closer inspection of the sequence of the first exon revealed the presence of two contiguous ATG codons at the site oftranslation initiation, followed by a 16-amino-acid-long hydrophobic segment, as expected for a secretory protein ----T- (20) . Furthermore, it has been suggested that the amino-terminal residue of the mature protein from several species is asparagine or aspartic acid (21) . An asparagine residue is present, in the three species examined in Fig. 2 , at position 20, which may correspond to position 21 in the rat because of the additional methionine residue present at the beginning of the protein.
Among the three species, the putative signal peptide is much less conserved than the mature protein (Fig. 2) , as has also been observed in interspecies comparison of other genes (22) (23) (24) .
In the first intron of the rat Tg gene, we found a sequence 50 nucleotides long made of alternating dG-dT, a sequence that can form Z-DNA (25, 26) . Recently it has been shown Fig. 2 ) was hybridized to 20 J~g of either rat thyroid (lane 1) or rat liver (lane 2) total RNA. The hybridization and the extension of the hybridized primer with reverse transcriptase was performed as described (18) . The extended primer was electrophoresed on a 6% polyacrylamide/8 M urea sequencing gel. Alongside the extended primer we ran a sequence mix obtained with the chain-terminator method (19) (27) . Finally, the amino acid sequence encoded by the second exon reveals the presence of a sequence coding for a peptide (Asn-Ile-Phe-Gly-Tyr-GlnVal-Asp...) that also occurs in bovine and human Tg and represents a major site for thyroxine formation (4) . This peptide is located very close to the amino terminus of the mature protein (6, 7) .
Repetitive Units at the 5' End of the Tg Gene. The size of the exons of the rat Tg gene appears quite homogeneous throughout the entire gene. However, two exceptions are present at the 5' end of the gene: exons 9 and 10 (see Table 1 ). The DNA sequence analysis of those two exons revealed the presence of a 4-amino-acid-long peptide (Cys-Trp/Tyr-Cys-Val) present twice in exon 9 and once in exon 10. This peptide represents the core of a longer repeating unit that we have also found in exons 4 and 8 (Fig. 4) . This unit, previously shown to occur in the amino-terminal portion of both human and bovine Tg, has already been analyzed in great detail (6, 7) . In Fig. 4B (28) . We reasoned that if the sequences coding for the functional sites were related, then they should be more homologous to each other than to any other sequence in the rat Tg cDNA.
To verify this hypothesis, we aligned the DNA sequence coding for residues of rat Tg, which includes the amino-terminal hormonogenic site (Fig. 2) , to the sequence coding for the last 900 amino acids of the protein, which The size of exons and introns have been estimated by electron microscopy. Exons 1, 2, 9, and 10 have also been sized by direct DNA sequencing. The size of intron 22 has been deduced by blot hybridization. The phage(s) used in each case for R-looping are indicated.
contains the carboxyl-terminal site (8) . In five attempts the sequence coding for the amino-terminal site was aligned to sequences different from the one coding for the carboxylterminal site. In each attempt we removed from the long carboxyl-terminal sequence the segment that had shown homology in the previous alignment. In each case the homologies involved were not >35% (data not shown).
DISCUSSION
The rat gene for Tg is, together with the gene for factor VIII (29) , the largest eukaryotic gene isolated so far. The amazingly complex exon-intron structure of the Tg gene seems to confirm the direct relationship found between total size of exons and total size of introns found in a large number of eukaryotic genes (30) . Also the homogeneous size of the exons is not unusual in that most of the exons of eukaryotic genes show a size between 50 and 200 bp (30) .
As in most genes, the introns show a wide size range. In an attempt to gain some insight into the evolutionary history of the Tg gene, we concentrated our attention on the sequences coding for the functional sites, i.e., the sites where a diiodinated tyrosyl residue couples with another diiodinated tyrosyl residue to form the thyroid hormone, thyroxine. Despite the large size of Tg, only two molecules of hormone are formed per subunit (2) . Very specific sites in Tg seem to be involved in hormone synthesis (4, 5) ; it has been suggested that the specificity, in each coupling pair, is restricted to only one of the two coupling residues (8) .
Two major polypeptide sites for thyroxine synthesis have been isolated from Tg, sequenced (4, 5) , and subsequently mapped with the help of the sequence deduced from the mRNA sequence (6) (7) (8) (9) . They are localized at the two extremities of the protein. In the rat gene, the two coding sequences are localized in exons 2 (site 1) and 38 (site 2), respectively. Surprisingly, no homology can be demonstrated between these two highly specialized sites, either at the protein or at the DNA sequence level.
We previously localized in the rat Tg mRNA sequence, very close to site 2, a third low-affinity thyroxine-forming site (5) . The comparison between sites 2 and 3 shows a different protein sequence, but the two sites share a common DNA sequence (12) . A weak homology to this sequence is also present once per exon in the last seven exons of the rat gene (12) . We then proposed that the 3'-terminal region of the Tg gene arose by duplication of an ancestral sequence related to the sequence coding for sites 2 and 3. We report in this paper that the 5' end of the gene is also made of repeating units, but these are unrelated to the thyroxine-forming site present in the 5' region. We (presence of repeating units, presence of a thyroxine-forming site) but do not show any sequence homology. We suggest that both regions originated by serial duplication of a different ancestral sequence and that they evolved independently toward a common function-i.e., the ability to code for a thyroxine-forming site (Fig. 5 ).
In conclusion, what seems to be unique in the structure of the Tg gene is that different segments of the gene encode similar specific functions but share no sequence homology. It has been proposed that eukaryotic genes may evolve rapidly by shuffling of exons coding for preformed protein domains that could be utilized by different genes (31) . The most evident example of such a mechanism is the recently elucidated structure of the gene for the low density lipoprotein (LDL) receptor (32) , whose exons share sequence homology with several different genes. The structure ofthe Tg gene may be interpreted instead as the result of two independent evolutionary attempts to build a thyroxine-forming site. The two sites may have been fused subsequently on the same polypeptide chain. Analysis of the structure of the thyroglobulin gene in lower species may support or falsify our hypothesis. We would predict that it should be possible to find an organism in which the two (functional?) thyroxineforming sites are on two separate polypeptide chains. 
